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Abstract
This study exploits the foundry available complimentary metal-oxide-semiconductor (CMOS)
process and the packaging house available pick-and-place technology to implement a
capacitive type micromachined 2-axis tilt sensor. The suspended micro mechanical structures
such as the spring, stage and sensing electrodes are fabricated using the CMOS
microelectromechanical systems (MEMS) processes. A bulk block is assembled onto the
suspended stage by pick-and-place technology to increase the proof-mass of the tilt sensor.
The low temperature UV-glue dispensing and curing processes are employed to bond the block
onto the stage. Thus, the sensitivity of the CMOS MEMS capacitive type 2-axis tilt sensor is
significantly improved. In application, this study successfully demonstrates the bonding of a
bulk solder ball of 100 μm in diameter with a 2-axis tilt sensor fabricated using the standard
TSMC 0.35 μm 2P4M CMOS process. Measurements show the sensitivities of the 2-axis tilt
sensor are increased for 2.06-fold (x-axis) and 1.78-fold (y-axis) after adding the solder ball.
Note that the sensitivity can be further improved by reducing the parasitic capacitance and the
mismatch of sensing electrodes caused by the solder ball.
(Some figures may appear in colour only in the online journal)

1. Introduction

mercury and galinstan for the liquid metal tile sensor [6] have
the problems of toxic and oxidation issues [7]. Comparing
with the existing heat convection or electrolyte sensing
approaches, the capacitive detection method has been
highlighted due to its low power consumption, long lifetime,
and reduced sensitivity to the surrounding temperature.
Thus, the capacitive type tilt sensors consisted of springmass structure have been reported in [8, 9]. As discussed
in [8], the wafer bonding technology has been employed
to implement the capacitive type tilt sensor. The quartzbased microelectromechanical systems (MEMS) capacitive tilt
sensor in [9] has the advantages of high sensitivity and lownoise, but its process is relatively complicated.
The mature complimentary metal-oxide-semiconductor
(CMOS) processes have recently been implemented in
various MEMS sensing devices [10–13]. The CMOS MEMS

The tilt sensor has been extensively employed in many
applications, such as in the automobile industry, consumer
electronics, navigation systems, and robotics [1]. The
micromachining technology is considered a promising
approach to bring various advantages for tilt sensors, such as
size and cost reduction. Presently, various micromachined tilt
sensors have been reported, such as the electrolytic-based [2],
gas-filled [3–5], and liquid metal [6] designs. These devices
successfully demonstrate the small size tilt sensors, yet many
issues still cannot be ignored. The electrolytic-based tilt sensor
in [2] has challenging fabrication processes and the reliability
issue. The gas-filled tilt sensors based on thermal convection in
[3] has small linear range and its performance is sensitive
to environment temperature. Moreover, the materials such as
0960-1317/13/095029+09$33.00

1

© 2013 IOP Publishing Ltd

Printed in the UK & the USA

J. Micromech. Microeng. 23 (2013) 095029

C-I Chang et al

(a)

Bulk block
Y-axis
Stage
Pitch θ
Y-axis sensing electrodes
Spring
Roll φ
X-axis

X-axis sensing electrodes
Anchor
(b)

Bulk block

θ

θ

Gravity

Figure 1. Schematic of the proposed CMOS MEMS tilt sensor (a) the spring, stage, and sensing electrodes are formed by thin films, and
(b) the bulk block is bonded onto the stage to enhance the proof-mass.

increase the proof-mass of the CMOS MEMS sensors. Thus,
the additional fabrication processes such as the backside
etching and Ni electroplating in [17, 18] are not required.
In application, a 2-axis capacitive type tilt sensor is designed
and implemented using the standard CMOS plus the postCMOS processes. After that, the bulk solder ball is assembled
onto the 2-axis tilt sensor using the pick-and-place approach
to increase its proof-mass and sensitivity. This approach has
been exploited to improve the performance of 1-axis capacitive
type tilt sensor in [22]. During the pick-and-place process,
a low temperature UV-glue dispensing and curing process
is established to bond the bulk solder ball on a suspended
stage. Such simple post-CMOS process inherited from the
mature technology for packaging provides an easy approach
to improve the performance of CMOS MEMS sensors.

technology enables the monolithic integration of integrated
circuits (IC) and MEMS components, so as to reduce the
parasitic capacitance of capacitive sensing devices. On the
other hand, the designs of mechanical components are limited
to the available thin film layers for standard CMOS processes.
For example, the sensitivity of CMOS MEMS accelerometer is
limited by the proof-mass [14]. Various approaches have been
investigated to improve the performance of CMOS MEMS
capacitive sensors [15, 16]. For instance, the sensitivity can be
enhanced by increasing the number of sensing electrodes [15],
and by reducing the size of sensing gap [16]. The sensitivity
of various sensors can be further improved by increasing
their proof-mass [17, 18]. The backside through-wafer Si
etching has also been exploited to increase the proof-mass
and sensitivity of CMOS MEMS sensors [17]. The postCMOS selective Ni electroplating technology has also been
employed to improve the proof-mass of the CMOS MEMS
accelerometers [18].
The pick-and-place is a mature technology for packaging.
Pick-and-place technology has also been exploited to assemble
MEMS structures using the micromachined gripper [19–21].
This study exploits the pick-and-place technology to assemble
a lump mass onto the micromachined structure so as to

2. Design concept
Figure 1 shows the schematic design of the present 2-axis
tilt sensor. As shown in figure 1(a), the micro fabricated
sensing chip consists of suspended springs, a stage (with a
center alignment hole), and sensing electrodes. An additional
bulk block is mounted onto the suspended stage to form the
2
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proof-mass of the tilt sensor. Note the standard TSMC 0.35 μm
2P4M (two poly-Si and four metal layers) CMOS foundry
process and in-house post-CMOS process are employed to
implement the suspended micromachined structures on chip.
The bulk block is placed onto the stage using the pick-place
process. A low temperature glue (UV curable) dispensing and
curing process is further established to bond the bulk block
on such suspended micromachined stage. In this regard, the
alignment hole on stage is designed to ease the assembly and
bonding of the bulk block. The design of presented 2-axis tilt
sensor enables the detection of the tilt angles of pitch (θ tilt, tilt
about y-axis) and roll (φ tilt, tilt about x-axis), as indicated in
figure 1(a). Note the gravitational force G is in the z-axis. The
folded springs are designed to be flexible in the two in-plane
axes (x-axis and y-axis). As the sensor tilted with θ tilt (or φ tilt)
in figure 1(b), the gravitational force G sin θ tilt (or G sin φ tilt)
will cause the in-plane displacement of proof-mass and further
lead to the gap variation between sensing electrodes. Thus, the
in-plane displacement of proof-mass as well as the tilt angle
(θ tilt or φ tilt) of chip is determined by the measured output
signal. Moreover, the fully differential sensing electrodes and
their sensing circuits are also implemented and integrated
using the same standard CMOS process. The preamplifier in
this study acted as a buffer with a gain (Gainamp) of one.
According to [23], the output voltage of the presented tilt
sensor Vout can be predicted as,
mG sin θtilt C0
4Vm
×
× Gainamp
×
(1)
Vout =
K
g0
(Cp + 2C0 )
where M and K are the proof-mass and spring constant of the tilt
sensor, C0 is the initial capacitance for all sensing electrodes,
g0 is the initial sensing gap between the fixed and movable
comb-finger electrodes, Cp is the parasitic capacitance and Vm
is the input modulation voltage. The proof-mass is mainly
contributed from the stage of mass ms before adding the bulk
block indicated in figure 1. Thus, the sensitivity can be easily
and significantly improved by adding the bulk block of mass
mb, and the proof-mass becomes M = ms + mb. Note that
according to [5], the sensitivity of tilt sensor is determined by
the slope of the measured Vout versus tilt angle (θ tilt or φ tilt)
with a range between 0◦ to 30◦ .
In general, the stage consisted of the stacked thin metaldielectric layers of CMOS process, has a mass ms in the order
of micrograms. According to equation (1), the sensitivity of
the tilt sensor will be influenced by proof-mass M. This study
employs the commercial available solder ball with relatively
large mass mb as the bulk block. The diameter D and mass
mb of the solder ball employed in this study are 100 μm
and 3.87 μg, respectively. Moreover, the planar dimension
of the micromachined stage is 300 μm × 300 μm with an
alignment hole of 55 μm × 55 μm at its center. Hence,
the mass of stage is ms = 1.47 μg. The sensing gap is
designed to be the minimum width of metal layers (0.8 μm)
to increase the capacitance change. Table 1 summarizes the
typical design values of the presented 2-axis capacitive tilt
sensor with different size solder balls. According to the
dimensions and gap of sensing electrodes, the initial sensing
capacitance of the x-axis sensing electrodes as well as the yaxis sensing electrodes is C0 = 58.5 fF. Moreover, based on
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Figure 2. The fabrication process steps, (a) the thin films stacking
and patterning after the standard TSMC 0.35 μm CMOS process,
(b) the metal wet etching, (c) the XeF2 bulk Si isotropic etching,
(d) the UV-curable glue dispensing, and (e) the pick-and-place of
bulk block and then bonding to the stage after UV-curing.

the design of electrical routings, the parasitic capacitance of
the tilt sensor with no bulk solder ball is estimated as Cp =
500 fF [18]. As the input modulation voltage (Vm) is 1V, the
corresponding x-axis sensitivity determined from equation (1)
is 2.6 mV/degree (without bulk solder ball), 8.4 mV/degree
(with 100 μm bulk solder ball), respectively. The y-axis
sensitivity determined from equation (1) is 3.2 mV/degree
(without bulk solder ball), 10.3 mV/degree (with bulk solder
ball of D = 100 μm) respectively. Simulation results also
indicate that the monolithic integrated ICs having 10 MHz
bandwidth and 4.3 mW power dissipation. In summary,
the standard CMOS process and the in-house post-CMOS
process are exploited to implement the tilt sensor and its
sensing circuits. The mature pick-and-place technique for the
3
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Figure 3. The optical micrographs of, (a)–(b) the UV-glue dispensing on the alignment hole of stage, and (c) positioning of the bulk solder
ball (100 μm in diameter) on the alignment hole of stage by pick-and-place process, and (d) adhering of the solder ball on stage after
UV-curing.

1.3 for z-axis/x-axis and 1.6 for z-axis/y-axis, as summarized
in table 1. The out-of-plane deformation of the springs due to
the loading of bulk solder ball cannot be ignored. As a result,
the net overlap area of the sensing electrodes as well as the
sensing capacitance will be reduced. This problem needs to be
considered to improve the design.

Table 1. The design vales of the 2-axis capacitive type tilt sensor.
Design specifications of the tilt sensor
Parameters
Proof-mass size
Weight of Proof-mass
Sensing finger gap (g0)
Length of the sensing
finger
x-axis spring stiffness
y-axis spring stiffness
z-axis spring stiffness
Initial capacitance (C0)
x-axis Sensitivity
y-axis Sensitivity

Without bulk solder
ball
1.47 μg
0.8 μm
50 μm

With bulk solder
ball (100 μm)

300 × 300 μm2
5.34 μg
0.8 μm
50 μm

10.97 N/m
8.94 N/m
14.4 N/m
58.5 fF
2.6 mV/degree
3.2 mV/degree

3. Fabrication and results

10.97 N/m
8.94 N/m
14.4 N/m
58.5 fF
8.4 mV/degree
10.3 mV/degree

This study has established the fabrication processes in figure 2
to implement the presented tilt sensor. As shown in figure 2(a),
the chip was first fabricated using the standard TSMC 0.35 μm
2P4M CMOS foundry process. The thin films were patterned
based on our layout design, and the wet etching windows were
defined by the passivation layer. As illustrated in figure 2(b),
the metal wet etching process was employed to define the
planar shape of the MEMS structure, the alignment hole for
bulk block and the sensing gaps. The passivation layer was
then removed by reactive ion etching to expose the bond
pads. After that, the substrate was etched isotropically using
the XeF2 to suspend the MEMS structures, as shown in
figure 2(c). As depicted in figure 2(d), the UV-curable glue
was then precisely dispensed into the alignment hole using a
commercial pneumatic dispensing system. The alignment hole

packaging house is further employed to add bulk solder balls
of different sizes onto the tilt sensor to change its proofmass. Thus, the sensitivity as well as sensing range of the
CMOS MEMS tilt sensor can be easily modulated by using
the pick-and-place technique. As limited by the films stacking
of standard CMOS process, the MEMS structures in this study
has a maximum thickness of 6.97 μm. Thus, the out-of-plane
to in-plane stiffness ratio for the presented spring design is only
4
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Figure 4. The SEM micrographs of typical fabrication results, (a) the suspended stage with no bulk solder ball, (b) the zoom-in micrograph
showing the spring and sensing electrodes, and (c)–(d) the tilt sensor with a bulk solder ball of 100 μm in diameter.

a micro manipulator. After that, the liquid UV-curable glue
is solidified by UV light. It demonstrates the proof-mass of
the tilt sensors can be changed by using the pick-and-place
of bulk solder balls, hence no masks and micro fabrication
processes are required. The scanning electron microscopy
(SEM) micrographs in figure 4 show the typical fabrication
results. Figure 4(a) shows the suspended stage with no bulk
solder ball attached. The alignment hole is thus observed. The
zoomed-in micrograph in figure 4(b) displays the spring and
sensing electrodes. Figures 4(c), (d) show the tilt sensor with a
bulk solder ball of D = 100 μm. Note that the sensing circuit
indicated in the SEM micrograph is also embedded inside the
chip.

is also exploited to trap the glue to prevent it from spreading
to the stage. The commercial pneumatic dispensing system
could provide a minimum dispensing volume of 0.03 nl with
a volume deviation of ± 1.3%. The NOA63 (Norland Optical
Adhesive Inc., USA) was selected as the UV-curable glue.
The bulk block was picked by the vacuum pen and then placed
on the alignment hole by micro-manipulator. As shown in
figure 2(e), the solder ball was fixed to the stage by glue after
the UV curing process. The commercial solder ball (Accurus
Scientific Co., Ltd) with diameter of 100 μm was selected as
the bulk block.
In applications, the 2-axis CMOS MEMS tilt sensors
with bulk solder ball were successfully implemented using
the processes in figure 2. The photographs in figure 3 show
different steps of the processes. As shown in figures 3(a), (b),
the liquid UV-curable glue is dispensed into the alignment
hole of 55 μm × 55 μm, and the volume of glue is precisely
controlled by the pneumatic dispensing system. Note the
dispensing tip (Kulicke and Soffa Industries, Inc.) has an inner
diameter of 30 μm. The photograph also indicates the glue is
properly trapped inside the alignment hole. The photograph
in figure 3(c) shows a solder ball of D = 100 μm picked
by a vacuum pen. The photograph in figure 3(d) further
display the solder ball placed inside the alignment hole by

4. Testing and results
Various tests have been performed to characterize the
performance of the fabricated tilt sensor. Firstly, the surface
profile of the tilt sensor (before and after adding bulk solder
ball) has been measured to characterize the initial deformation
of suspended structures and the initial offset of sensing
electrodes. Figure 5 displays the typical measured surface
profiles of sensing electrodes for the tilt sensor using a
commercial optical interferometer (Veeco Inc., NT-1100).
5
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Figure 5. The typical measured surface profiles of sensing electrodes for tilt sensor, (a) the SEM micrograph showing the locations of the
sensing electrodes measured in this figure, and (b)–(c) respectively show the measured surface profiles (solid lines) of fixed/movable
electrodes at the positions indicated in (a), and the dashed lines show the shape of sensing electrodes.

sensing electrodes. Typical measurements show the overlap
area of fixed and movable sensing electrodes becomes
5700 μm2 after the bi-axial bending by thin film residual
stresses. The typical overlap area of sensing electrodes after the
out-of-plane deformation/displacement of stage by the weight
of solder ball becomes 5250 μm2.
The optical micrographs in figure 6 display the chips
after wire bonding for the following functional tests. In

As the SEM micrograph depicted in figure 5(a), the
y-axis sensing electrodes at the edge and the center of stage
are measured. In addition, the idea overlap sensing area
indicated in figure 5(a) is designed to be 8490 μm2. The
solid lines in figures 5(b), (c) show the measured surface
profiles of fixed/movable electrodes at the positions indicated
in figure 5(a). The dashed lines have been illustrated in
figures 5(b), (c) to indicate the positions of fixed/movable
6
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Figure 6. The optical micrographs show the monolithic integration
of sensing circuits and the mechanical components for the presented
CMOS MEMS tilt sensor after packaging, (a) tilt sensor without
bulk solder ball, and (b) tilt sensor with the bulk solder ball of
100 μm in diameter.

Multi-meter

this study, the sensing circuits and electrical routings are
mainly covered with the silicon dioxide films as shown in
figure 2. Thus, the sensing circuits and electrical routings are
observed in these micrographs since the silicon dioxide films
are transparent under optical microscopy. The micrographs
indicate the MEMS structures, solder balls of different sizes
(100 μm) and sensing circuits are monolithically integrated in
the same chip. Figure 7 shows the experiment setup for the
performance test of tilt sensor. The tilt senor is mounted on a
commercial rate table (Acutronic Inc., AC1120S) to control the
tilt angle. The modulation signals (1 Vp-p. at 1 MHz) provided
by the function generator was input to tilt sensor during
the measurement. The capacitance change induced by the
variation of tilt angle was characterized by the output dc-level
of the modulation signal using a multi-meter (Keithley Inc.,
Model-2700). Figure 8 shows the typical measured sensing
voltages versus tilt angles. Figure 8(a) shows the data with a
tilt angle from 0◦ to 90◦ , and the sine curve voltage change
can be observed. The dashed lines are simulated sine curves
for reference. Moreover, the sensitivity of a tilt sensor is
determined by the linear slope of the measured Vout versus
tilt angle (θ tilt or φ tilt) within a range between 0◦ to 30◦
according to [5], as indicated in figure 8(b). In comparison,
this study performed the measurements on tilt sensors with
and without bulk solder ball. The measurements in figure 8(b)
are detected using the tilt sensor with bulk solder ball of
100 μm diameter. The measurement results in figure 8(b)
indicate the x-axis sensitivity of tilt sensor is increased from
2.01 to 4.15 mV/degree after adding the 100 μm solder
ball. Moreover, the y-axis sensitivity of the same tilt sensor
is increased from 2.65 to 4.71 mV/degree after adding the

Figure 7. The photo and schematic illustration of the test setup for
the characterization of tilt sensor.

solder ball. As a result, the sensitivities of the tilt sensor
have been increased for 2.06-fold (in x-axis) and 1.78-fold (in
y-axis), after adding the 100 μm solder ball (i.e. proof-mass
M increased from 1.47 to 5.34 μg). The noise measurement
results are shown below. In this study, the noise floor of
x-axis is 0.129 mV/rtHz (after adding solder ball), and y-axis
is 0.136 mV/rtHz (after adding the solder ball). In comparison,
the noise floor of the tilt sensor in [22] is 0.0495 mV/rtHz.
The same sensing circuits have been employed to convert
capacitance to voltage for the sensors in this study and [22].
It indicates that the Brownian noise could be reduced by
increasing the proof-mass after adding the bulk solder ball. In
short, the low temperature pick-and-place assembly/bonding
technology can be exploited to improve the capacitive type tilt
sensor fabricated using the standard TSMC 0.35 μm 2P4M
CMOS process.
According to equation (1), the ideal sensitivity
enhancement after adding the 100 μm solder ball should be
3.63-fold for both the x-axis and y-axis. Measurements indicate
the bulk solder ball did increase the sensitivity of the CMOS
MEMS tilt sensor, however the sensitivity enhancement is
smaller than the predicted one. There are several reasons as to
why the measured sensitivity is smaller than the predicted
one. First, as indicated in figure 5, the MEMS stage is
deformed by the weight of the solder ball and further lead
to the overlap area decrease (near 10%) of sensing electrodes.
Thus, the sensing signal is also decreased by nearly 10%.
7
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95 μm solder ball is bonded to the suspended stage using the
low temperature UV-glue dispensing and curing processes.
The sensitivity of the 2-axis tilt sensor has been increased
for 2.06-fold in x-axis and 1.78-fold in y-axis after adding
the solder ball. Due to the out-of-plane offset of sensing
electrodes and the existing of parasitic capacitance for solder
ball, the measured sensitivity is smaller than the one predicted
from analysis. Thus, the sensitivity can be further improved
by reducing the parasitic capacitance and the mismatch of
sensing electrodes caused by solder ball. In addition, the
low temperature pick-and-place technology can be further
extended to assemble various micro scale objects onto MEMS
structures for different applications.
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Second, the measured solder ball diameter is 96 μm but not
the designed value of 100 μm. The 4% decreasing of solder
ball diameter will introduce a 12% reduction of its volume as
well as mass. Third, the solder ball will lead to an additional
parasitic capacitance to the sensor, and then decrease the
sensing signal. According to the simulation by commercial
software (CoventorWare), the bulk solder ball will lead to an
additional parasitic capacitance of 80 fF. After considering the
above three effects, the sensitivity enhancement determined
from equation (1) becomes 2.31-fold for both x-axis and
y-axis. Thus, the measured sensitivity enhancement is still
∼11% below the predicted one for x-axis, and ∼23% below
the predicted one for y-axis. Further study is still required to
investigate the difference between the measured and predicted
sensitivity enhancements.
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